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Edited by Miguel De la RosaAbstract We present the three-dimensional structure of the N-
terminal FK506-binding protein (FKBP)-like domain of the
immunophilin FKBP42 from Arabidopsis thaliana. The data pro-
vide the structural background for the explanation of key func-
tional properties reported previously.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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The FK506-binding proteins (FKBPs) represent an ancient
and ubiquitous protein family named after the role of several
members as primary targets of FK506-type immunosuppres-
sants in animal and human cells [1]. The FKBP-drug complex
has been shown to block calcineurin (protein phosphatase 2B)-
mediated signal transduction leading to an inhibition of T cell-
dependent immune response [2]. Based on this activity, the
FKBPs, together with the unrelated family of cyclophilins,
have also been termed ‘‘immunophilins’’.
Another feature shared by many FKBPs is the ability to act
as peptidylprolyl cis–trans isomerases (PPIases), which impli-
cates these proteins in peptide folding and chaperoning pro-
cesses [3]. Mammalian FKBP12, which comprises a single
FKBP domain, has been shown to interact with diﬀerent types
of calcium release channels [4,5] and to modulate their gating
behaviour. Moreover, it associates with the type I receptors for
transforming growth factor b (TGFb)-family cytokines [6],
where it prevents ligand-independent activation. Multi-domain
FKBPs are structurally characterized by additional protein
modules, typically a tripartite tetratricopeptide repeat (TPR)
domain and a calmodulin binding motif, in addition to one
or more FKBP domains. This group is exempliﬁed by mamma-
lian FKBP52, which is the major immunophilin of the multi-
protein glucocorticoid receptor complex [7]. The crystal
structure of human FKBP52 has been published recently [8].Abbreviations: ABC, ATP-binding cassette; FKBP, FK506-binding
protein; MDR, multidrug resistance protein; NBD, nucleotide-binding
domain; PPIase, peptidylprolyl cis–trans isomerase; TGFb, transform-
ing growth factor b; TWD1, TWISTED DWARF1
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doi:10.1016/j.febslet.2005.12.007Members of the FKBP family have also been identiﬁed in
plants. The crystal structure of AtFKBP13, a single-domain
FKBP localized in the thylakoid lumen of Arabidopsis thaliana
chloroplasts, has been determined [9]. However, structural
information on multi-domain FKBPs from plants is still
unavailable.
AtFKBP42, also termed TWISTED DWARF1 (TWD1) due
to the reduced height and disoriented growth of null mutants,
contains a tripartite TPR motif, a calmodulin binding site and
a hydrophobic membrane anchor in addition to a single
FKBP-type domain [10–12]. The TPR region of AtFKBP42
binds to AtHsp90, comparable to the complex formed of
FKBP52 and Hsp90 in mammalian cells [10]. Moreover, the
FKBP domain of AtFKBP42 has been demonstrated to phys-
ically interact with the C-terminal nucleotide-binding domains
(NBDs) of plasma membrane-localized ATP-binding cassette
(ABC) transporters AtPGP1 and AtPGP19 [11], whereas the
TPR domain appears to be responsible for functional associa-
tion with vacuolar transporters AtMRP1 and AtMRP2 [12].
Phytohormones of the auxin family represent essential regu-
lators of plant growth and development. The predominant
auxin, indole-3-acetic acid, is synthesized at the shoot apex
and undergoes a basipetal transport which is crucial for the
establishment of plant polarity [13]. Recently, AtPGP1 and
AtPGP19 have been shown to directly mediate cellular auxin
eﬄux [14,15]. Since double mutants atpgp1/atpgp19 display a
subset of phenotypic features of twd1, including a reduction
of polar auxin transport [11], it seems reasonable to assume
that impaired cell elongation and disoriented growth of twd1
plants result from non-suﬃcient auxin transport.
The availability of the three-dimensional structure of
AtFKBP42 is expected to provide a starting point for detailed
investigations of the complexes with physiologically relevant
target proteins, in particular plant ABC transporters. As a ﬁrst
step, we have described the crystallization and preliminary X-
ray analysis of two AtFKBP42 fragments covering diﬀerent
lengths of the molecule [16]. Here we report the X-ray structure
of the N-terminal domain, which essentially adopts an FKBP-
like fold. The distinctive features of this structure as compared
to known FKBPs from mammals and plants are discussed with
respect to their functional correlates.2. Materials and methods
2.1. Expression, puriﬁcation and crystallization of AtFKBP421-180
Cloning of AtFKBP421-180, overexpression in E. coli and puriﬁca-
tion have been described previously [10]. The protein was crystallized
using the hanging-drop vapour-diﬀusion method with the reservoirblished by Elsevier B.V. All rights reserved.
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HCl, pH 8.0, and a protein concentration of 15 mg/ml. This condition
simultaneously yielded two crystal forms designated type I and type II
[16]; the present study was performed using type I crystals.
2.2. Data collection
The X-ray diﬀraction dataset was collected at 100 K. Prior to cryo-
cooling, crystals were soaked in reservoir solution containing 15% (v/v)
glycerol for 5 min.
Native data were recorded at beamline ID14-1 of the ESRF (Greno-
ble, France) tuned to a wavelength of 0.934 A˚ on an ADSC-Q4R
detector. Data processing including reﬂections up to 2.32 A˚ resolution
(guided by the Rsym factor) was carried out using MOSFLM [17] and
SCALA, which is part of the CCP4 [18] software suite.
2.3. Structure determination
Crystals of AtFKBP421-180 belonged to space group P212121. The
structure was determined by molecular replacement using MOLREP
(CCP4) with a single native dataset. The search model was created
from the crystal structure of HsFKBP12 (PDB code 1FKF [19]) by
replacing amino acid side chains according to a sequence alignment
generated with BLAST [20]. Crystals were found to contain two mol-
ecules per asymmetric unit, corresponding to a Matthews coeﬃcient of
1.7 A˚3/Da and a solvent content of 26.2%. Following rigid-body reﬁne-
ment using the CNS package [21], the model was improved in an iter-
ative manner including several cycles of positional reﬁnement with
CNS and manual rebuilding using the program O [22]. During this
process, restraints due to non-crystallographic symmetry were reduced
successively. For statistics on data collection and reﬁnement refer to
Table 1.
The ﬁnal model comprises aa 34–164 of molecule A and aa 34–160
of molecule B with an r.m.s. deviation between the two molecules of
1.1 A˚ for Ca atoms and 1.5 A˚ for all non-hydrogen atoms. According
to Ramachandran plots generated with PROCHECK (CCP4), the
model exhibits good geometry with none of the residues in the disal-
lowed regions.
In all structure representations the coordinates of molecule A were
used. Figures were generated with MOLSCRIPT [23] and RASTER3D
[24] using secondary structure assignments as given by the DSSP [25]
program. Surface representations were prepared with GRASP [26].Table 1
X-ray crystallographic data
Data collection
Space group P212121
Cell dimensions
a, b, c (A˚) (T = 100 K) 35.0, 62.8, 122.8
Resolution (A˚) 34.28–2.32
Beamline ESRF ID14-1
Detector ADSC-Q4R
Wavelength (A˚) 0.934
Unique reﬂections 11953
Average multiplicity 6.2 (6.0)\
Completeness (%) 97.1 (98.6)\
Rmeas (%) 6.0 (21.6)
\
ÆIæ/r(I) 22.6 (6.1)\
Reﬁnement
Rwork (%) 24.6
Rfree (%) 28.3
Residue range 34–164 (mol. A); 34–160 (mol. B)
Number of atoms
Protein 2029
Solvent 46
R.m.s. deviation
Bond lengths (A˚) 0.008
Bond angles () 1.5
Rmeas =
P
h[Nh/(Nh  1)]1/2
P
i|Ii,h  ÆIhæ|/
P
h
P
iIi,h, also termed redun-
dancy-independent merging R factor (Rr.i.m.) [32] with Ii,h representing
the ith out of Nh measurements and ÆIhæ the mean of all observations of
Ih. For calculation of Rfree, 5% of all reﬂections were reserved. ( )
\
indicates the value for the highest resolution shell (2.45–2.32 A˚).The atomic coordinates and structure factors (code 2F4E) have been
deposited in the Protein Data Bank (http://rutgers.rcsb.org/pdb).3. Results
3.1. Overall structure of AtFKBP421-180
The N-terminal portion of AtFKBP42 (aa 1–180) was ex-
pressed and puriﬁed as outlined in Section 2. Crystals belong-
ing to space group P212121 were obtained using ammonium
sulfate as a precipitating agent. The X-ray structure could be
solved by molecular replacement using a modiﬁed version of
the human FKBP12 structure as a search model (see Section
2). Fig. 1 shows a ribbon representation of the AtFKBP421-180
structure (blue) aligned to HsFKBP12 (grey) and AtFKBP13
(orange). The core of the molecule comprising aa 50–159 dis-
plays a canonical FKBP-type fold consisting of a ﬁve-stranded
antiparallel b-sheet wrapped around a short a-helix. On the
N-terminal side the b-sheet is completed by an additional short
strand (aa 45–48, designated b0 in Fig. 1), which in turn is pre-
ceded by an extended segment (res. 34–44) crossing the convex
surface almost perpendicular to the orientation of the core b
strands. The N- and C-terminal parts of the molecule (aa
1–33 and 165–180, respectively) could not be traced in the
electron density maps and are thus likely to be disordered.
The FK506 molecule bound to HsFKBP12 is included to
indicate the position of the hydrophobic pocket.
3.2. Structure of the hydrophobic pocket
Many single-domain FKBPs as well as FKBP-like domains
within multi-domain proteins have been shown to display a
high aﬃnity for the macrolide antibiotic FK506 and relatedFig. 1. Superposition of the crystal structures of AtFKBP421-180
(blue), HsFKBP12 (grey) and AtFKBP13 (orange). Secondary struc-
ture elements of the canonical FKBP fold are numbered consecutively;
b0 is an additional b-strand present in AtFKBP421-180. The FK506
molecule bound to HsFKBP12 is shown as stick model.
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range [1]. In contrast, isothermal titration calorimetry as well
as FKBP12 competition assays failed to demonstrate any sig-
niﬁcant FK506 binding to AtFKBP42 [10]. Indeed, compari-
son of the FK506 binding pocket in HsFKBP12 with the
corresponding hydrophobic cleft in AtFKBP42 reveals signiﬁ-
cant diﬀerences (Fig. 2). Among the ﬁve residues forming the
walls of the pocket in the human protein (Y26, F46, V55, I56,
and F99), the three aromatic side chains are conserved or re-
placed conservatively (Y74, I95 and Y151 in AtFKBP42) and oc-
cupy analogous positions. The aliphatic I56 corresponds to
L106, but the side chain is oriented in a diﬀerent direction,
whereas there is no hydrophobic residue in place of V55. In fact
the corresponding portion of the b3–a1 loop displays little se-
quence similarity and adopts a fold very dissimilar from
HsFKBP12 (see below). The bottom of the hydrophobic
pocket is formed by L109 in place of W59. Five amino acid res-
idues inHsFKBP12 are involved in hydrogen bonding with the
FK506 molecule. Out of these, only Y82 is conserved (Y132 in
AtFKBP42), whereas D37 corresponds to E86. Backbone atoms
of FKBP12 residues Q53, E54 and I56, which also establish
hydrogen bonds with FK506, do not ﬁnd counterparts in
equivalent orientations in the Arabidopsis protein.
The FK506 molecule bound to an FKBP has been suggested
to mimic the transition state of a rotamase substrate [27].
Therefore, the non-availability of several of the hydrogen
bonding partners at the corresponding positions of AtFKBP42
might not only account for the lack of FK506 aﬃnity but also
for the inactivity of the protein in rotamase assays with artiﬁ-
cial substrates.
However, considering the sterical arrangement of FK506
in complex with HsFKBP12, the crystal structure of
AtFKBP421-180 reveals another important feature which is
likely to prevent FK506 or peptide substrates from accessing
the hydrophobic groove. With respect to HsFKBP12, the b3–
a1 and b4–b5 loops are enlarged by one and two residues,
respectively. As a result, these portions of the protein partly
protrude into the binding pocket (Fig. 2). Note the diﬀerentFig. 2. Side chains of HsFKBP12 (grey) involved in binding of FK506
along with their counterparts in AtFKBP421-180 (blue). The b3–a1 and
b4–b5 loops, which diﬀer signiﬁcantly between the two structures, are
displayed as Ca traces. See text for details.backbone topologies of the b3–a1 and b4–b5 loops as well as
the absence of structural equivalents of V55 and I56 in the Ara-
bidopsis protein. A side-by-side comparison of the respective
molecular surfaces is shown in Fig. 3. Whereas in the complex
with HsFKBP12 (A) the FK506 molecule ﬁts well into the
hydrophobic pocket, the structure of AtFKBP42 (B) reveals
that a large fraction of the respective volume is occupied by
protein side chains, particularly K103KEL106 in the b3–a1 loop.
P141 as well as the backbone of F140 in the extended b4–b5 loop,
while not largely overlapping with the imaginary FK506 posi-
tion, narrow the entrance to the hydrophobic site, thereby ste-
rically interfering with binding of small ligands or peptides.4. Discussion
The FKBPs constitute a family of ubiquitous proteins found
in prokaryotes, lower eukaryotes, animals and plants [1].
While the initial naming refers to the capability of binding
FK506-type immunosuppressants, this has turned out not to
be a universal property of the family. The same is true for
the PPIase activity, the catalytic site of which is believed to
be located within the hydrophobic pocket occupied by
FK506 ligands.
AtFKBP42 belongs to a subgroup of FKBPs exhibiting nei-
ther FK506 binding aﬃnity nor rotamase activity in conven-
tional assays, although it harbours a chaperone-like activity
similar to other multi-domain FKBPs [10]. Our crystal struc-
ture provides convincing evidence for the structural determi-
nants underlying this behaviour. While many residues known
to interact with FK506 in the complex with HsFKBP12 are
conserved or exchanged by similar side chains, FK506 and
molecules of similar size are sterically excluded from the bind-
ing pocket. Similarly, our structural data strongly indicate that
proline-containing peptides would not be able to gain access to
a hypothetical PPIase active site. Of course, we cannot com-
pletely rule out the possibility that portions of the protein sur-
rounding the hydrophobic groove might exhibit enough
ﬂexibility to move aside as a potential ligand is approaching.
However, the KKEL sequence in the b3–a1 loop forms a
canonical type I b-turn whereas the positions of F140 und
P141 in the b4–b5 loop are stabilized by hydrogen bonds be-
tween the amide group of N137 and the carbonyl oxygens of
S139 and P141, thus, signiﬁcantly reducing the conformational
freedom in both regions. Moreover, while previous investiga-
tions on mammalian FKBPs have revealed a signiﬁcant
decrease in thermal motion upon binding of immunosuppres-
sants, the changes in average coordinates turned out to be
rather limited [28].
Interestingly, these characteristics of the hydrophobic pock-
et of AtFKBP42 are not unique to plant FKBPs. The multi-
domain immunophilinHsFKBP52 [8] contains two FKBP-type
modules in its N-terminal portion, the ﬁrst of which displays
high-aﬃnity FK506 binding and is a functional rotamase,
whereas the second is largely devoid of these activities. Indeed,
the ﬁrst FKBP domain of HsFKBP52 is topologically very
similar to HsFKBP12, whereas the second module contains
deviations reminiscent of AtFKBP42, including insertions in
the b3–a1 (3 aa) and b4–b5 loops (1 aa). As a result, the
b3–a1 loop occupies an even larger fraction of the hydropho-
bic groove than is the case in the Arabidopsis protein. On the
other hand, the second FKBP domain in HsFKBP52 lacks a
Fig. 3. Comparison of the molecular surfaces of HsFKBP12 (A) and AtFKBP421-180 (B). The FK506 ligand (dark grey) is positioned as in the
complex with HsFKBP12. Orientation of the molecules is the same as in Fig. 2.
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two parts and which is present in all other FKBP modules con-
sidered here, including AtFKBP42. During the course of this
study, the crystal structure of AtFKBP13 was published [9].
In this case, the b3–a1 loop is unchanged in length with respect
to HsFKBP12 whereas the b4–b5 loop is enlarged by ﬁve ami-
no acids (Fig. 1). In contrast to AtFKBP42, however, the latter
loop is bent away from the hydrophobic groove, thus leaving
this site accessible to potential ligands. Indeed, AtFKBP13
has been reported to possess PPIase activity [9].
In contrast to the wealth of information available on the
mode of drug binding by FKBPs and the interaction of the
binary complexes with cellular targets [29], the physiological
functions of most members are not fully understood.
HsFKBP12 has been reported to be associated with several
types of intracellular calcium release channels [4,5] and with
the type I receptor subunits of TGFb family cytokines [6]. In
all these cases, short stretches containing an aliphatic residue
(mostly leucine or isoleucine) followed by a proline have been
identiﬁed as primary binding motifs for FKBP12. Since these
sequences ﬁt the consensus for artiﬁcial rotamase substrates
and the respective interactions are disrupted by addition of
FK506, it seemed reasonable to assume that these target pep-
tides were bound in the hydrophobic cleft and were possibly
subject to peptidylprolyl isomerization. Surprisingly, the crys-
tal structure of the type I TGFb receptor cytoplasmic domain
complexed with HsFKBP12 revealed that the prolyl residue
was located outside the FK506 binding pocket and thus did
not contact the putative active site [30]. Instead, two leucine
side chains immediately following the proline were inserted
into the hydrophobic groove. Since the rotamase activity ap-
pears not to be essential for any of the interactions mentioned
above, similar mechanisms may hold for the association with
other targets. From these considerations, it can be concluded
that even in the absence of FK506 binding and rotamase activ-
ity, as in the case of AtFKBP42, the (somewhat smaller)
hydrophobic pocket may still serve as interaction surface for
aliphatic or aromatic amino acid side chains.
The plasma membrane-localized ABC transporters AtPGP1
and AtPGP19 are believed to physically interact with and to be
functionally regulated by the N-terminal domain of
AtFKBP42 [11]. Since the interaction has been mapped tothe C-terminal segment of AtPGP1 harbouring the second
NBD, we speculate that binding of AtFKBP42 might regulate
access of ATP to the NBD or modulate its ATPase activity.
Experimental evidence from yeast suggests that this novel
and intriguing protein–protein interaction might be relevant
beyond plant biochemistry [31]. Detailed structural character-
ization of the complex will have to await co-crystallization of
the components involved.
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